Restriction endonucleases show extraordinary specificity in distinguishing specific from nonspecific DNA sequences. A single basepair change within the recognition sequence results in over a millionfold loss in activity. To understand the basis of this sequence discrimination, it is just as important to study the nonspecific complex as the specific complex. We describe here the crystallization of restriction endonuclease BamHI with several nonspecific oligonucleotides. The 11-mer, 5Ј-ATGAATCCATA-3Ј, yielded cocrystals with BamHI, in the presence of low salt, that diffracted to 1.9 Å with synchrotron radiation. The cocrystals belong to the space group Protein-DNA selectivity is an essential event in many biological processes, ranging from transcription and replication to restriction and modification. The central problem faced by the DNA binding proteins in controlling these processes is how to select the correct DNA sequence from the nonspecific sequences in a cell. Most of the structural studies to date, however, have concentrated on proteins bound to their specific DNA sequences (Phillips and Moras, 1999) . This has increased our understanding of how specific sequences are recognized, but has left a gap in our knowledge of how specific and nonspecific sequences are distinguished in the cell. Among DNA binding proteins, restriction endonucleases are perhaps the most extreme in their DNA selectivity. Type II restriction endonucleases are among the best characterized DNA binding proteins, recognizing DNA sequences that vary between four and eight basepairs and requiring Mg 2ϩ as a cofactor to catalyze the hydrolysis of DNA (Roberts and Halford, 1993) . Their DNA selectivity is remarkable-a single base pair change within the recognition sequence can result in over a million-fold decrease in activity (Lesser et al., 1990; Engler, 1998) . To understand the basis of this extreme selectivity, it is important to see both the nonspecific and the specific states of the protein. Thus, to complement our earlier work on the endonuclease BamHI bound to a specific DNA site (Newman et al., 1995; Viadiu and Aggarwal, 1998) , we undertook the cocrystallization of BamHI with a nonspecific DNA sequence. Overall, the crystallization of nonspecific DNA-protein complexes presents unique obstacles, and we describe here the strategy that led to the nonspecific cocrystals diffracting to 1.9 Å resolution. A comparison between BamHI nonspecific and specific structures promises to reveal the basis of its extreme DNA selectivity. Also, our results will aid future attempts to crystallize other nonspecific DNA-protein complexes.
Protein-DNA selectivity is an essential event in many biological processes, ranging from transcription and replication to restriction and modification. The central problem faced by the DNA binding proteins in controlling these processes is how to select the correct DNA sequence from the nonspecific sequences in a cell. Most of the structural studies to date, however, have concentrated on proteins bound to their specific DNA sequences (Phillips and Moras, 1999) . This has increased our understanding of how specific sequences are recognized, but has left a gap in our knowledge of how specific and nonspecific sequences are distinguished in the cell. Among DNA binding proteins, restriction endonucleases are perhaps the most extreme in their DNA selectivity. Type II restriction endonucleases are among the best characterized DNA binding proteins, recognizing DNA sequences that vary between four and eight basepairs and requiring Mg 2ϩ as a cofactor to catalyze the hydrolysis of DNA (Roberts and Halford, 1993) . Their DNA selectivity is remarkable-a single base pair change within the recognition sequence can result in over a million-fold decrease in activity (Lesser et al., 1990; Engler, 1998) . To understand the basis of this extreme selectivity, it is important to see both the nonspecific and the specific states of the protein. Thus, to complement our earlier work on the endonuclease BamHI bound to a specific DNA site (Newman et al., 1995; Viadiu and Aggarwal, 1998) , we undertook the cocrystallization of BamHI with a nonspecific DNA sequence. Overall, the crystallization of nonspecific DNA-protein complexes presents unique obstacles, and we describe here the strategy that led to the nonspecific cocrystals diffracting to 1.9 Å resolution. A comparison between BamHI nonspecific and specific structures promises to reveal the basis of its extreme DNA selectivity. Also, our results will aid future attempts to crystallize other nonspecific DNA-protein complexes.
The overexpression and purification protocols for BamHI have been described (Jack et al., 1991) . The oligonucleotides were synthesized on a solid support using phosphoramidite chemistry, without removing the trityl group in order to aid purification by reverse-phase HPLC (Aggarwal, 1990) .
All of the crystallization experiments were performed by the hanging drop method at 20°C. The protein-DNA solution contained one part BamHI (ϳ20-25 mg ml Ϫ1 in 0.5 M KCl, 20 mM potassium phosphate (pH 6.9), 1 mM dithiothreitol, 10% glycerol) to one part annealed DNA (10 mg ml Ϫ1 in water). To set up the hanging drops, 1 µl of the 
protein-DNA solution was mixed with 1 µl of the precipitant solution and placed above a sealed well containing 1 ml of the precipitant solution. Three days were sufficient to observe maximum crystal growth. To confirm the presence of DNA in the crystals, several crystals were washed three to five times, dissolved in loading buffer, and loaded into a 20% denaturing PAGE. A 10-µl aliquot from the last wash solution was used as a negative control. X-ray diffraction data were measured on (1) an R-axis IV imaging plate area detector mounted on a Rigaku RU 200 rotating anode (CuK ␣ ) X-ray generator (100 mA and 50 kV) and on (2) an ADSC charge coupled device detector at the Cornell High Energy Synchrotron Source (CHESS beamline A1, ϭ 0.908 Å). Crystals were frozen under a stream of dry nitrogen gas at 110 K (Oxford Cryosystems). The crystals grown in polyethylene glycol (PEG) 8000 were transferred to a 20% glycerol solution prior to freezing while the crystals grown in 20% MPD did not require additional cryoprotection. The HKL suite was used to integrate the X-ray reflections (Otwinoski and Minor, 1997). Table I lists the various DNA oligomers used in the cocrystallization experiments. Oligomers BA03 and BA04 were the first to be attempted; both are a variation of the 12-mer used in the crystallization of the BamHI specific complex. BA03, containing the EcoRI site (5Ј-GAATTC-3Ј), has 2 basepairs changed with respect to the specific site, while BA04 has all 6 central basepairs changed to create a completely random site (5Ј-CATATG-3Ј). The ends were kept constant at 5Ј-TAT-3Ј because they were found to favor the crystallization of the specific complex. However, the only crystals we obtained were of the protein alone. An important variable in protein-DNA crystallization is the length of the DNA. Thus, we synthesized an additional set of oligonucleotides in the range of 10 to 18 basepairs, most of which were blunt-ended, with the central 6 basepairs being half EcoRI and half BamHI (5Ј-GAATCC-3Ј). By screening with this larger collection of nonspecific oligonucleotides, we obtained rod-like crystals (with oligonucleotides BA13-BA14, BA25-BA26, BA36-BA37, and BA38) using PEG as the precipitant in the presence of MnCl 2 or CaCl 2 . However, none of these crystals diffracted beyond 7-8 Å. Although the addition of methanol, ethanol, and isopropanol resulted in better crystals, we did not observe an improvement in resolution. However, a breakthrough was made when we lowered the salt concentration. Because BamHI's ability to discriminate between specific and nonspecific sites decreases at lower salt concentration, we changed the protein buffer from 0.5 to 0.05 M KCl. At this lower salt concentration, the protein solution turned turbid, but protein aggregation could be prevented by mixing with DNA. Under these conditions, we identified small crystals in a crystallization mix that contained 30% MPD, 100 mM sodium acetate (pH 4.6), and 200 mM CaCl 2 . These conditions were eventually refined to 16-20% MPD, 10 mM sodium acetate (pH 4.8), and 5 mM CaCl 2 , using the different oligomers. The addition of low concentrations of sodium acetate and CaCl 2 was essential for crystallization, but, interestingly, at slightly higher concentrations it was detrimental for crystal growth. The best cocrystals, with dimensions of ϳ0.3 ϫ ϳ0.1 ϫ ϳ0.1 mm, were obtained with oligonucleotides BA27-BA49, which diffracted to 1.9-Å resolution at CHESS (Fig. 1) . The cocrystals belong to space group P2 1 2 1 2 1 with unit cell dimensions of a ϭ 114.8 Å, b ϭ 91.1 Å, c ϭ 66.4 Å, ␣ ϭ 90°, ␤ ϭ 90°, ␥ ϭ 90°. The data measured at CHESS merge with an overall R sym of 5.7% (28.4% in the last resolution shell); they have an I/(I ) of 20.0 (3.8) and a completeness of 96.1% (85.2%). They are being 
used to determine the structure by molecular replacement methods using the specific complex as the search model. The BamHI nonspecific structure will be an important step toward understanding how the enzyme achieves its elevated specificity. The cocrystals with oligonucleotides BA90-BA91 and BA92-BA93 indicate that it will be possible to solve the three-dimensional structure of BamHI bound to different nonspecific oligonucleotides. Several lessons emerge from our work that may aid future nonspecific DNA-protein crystallization projects. For instance, a reduction in salt concentration was the most dramatic factor in our ability to crystallize the nonspecific complex. In general, nonspecific DNA binding is more salt-dependent than specific binding, with lower salt concentrations enhancing nonspecific binding. A common procedure in the crystallization of specific DNA-protein complexes is to vary the length and sequence of the DNA (Aggarwal, 1990) . A similar strategy proved essential in the optimization of the nonspecific crystals, with the best cocrystals obtained with a blunt-ended 11-mer. For BamHI, DNA binding is stimulated 240-fold at low Ca 2ϩ concentrations, but, at high concentrations, it has the opposite effect (Engler et al., 1997) . This may explain the sensitivity of our cocrystallization experiments on Ca 2ϩ concentration, with the best cocrystals obtained in the presence of 5-10 mM CaCl 2 but deteriorating at higher Ca 2ϩ concentrations. Taken together, the use of a low-salt concentration, a library of different length DNA oligomers, and the addition of divalent cations are features that could be incorporated into the crystallization of other nonspecific complexes.
